Helical strips of bovine rostral cerebral arter ies (anterior cerebral, middle cerebral, and internal ca rotid artery) responded to norepinephrine with contrac tions, whereas the caudal cerebral arteries (posterior communicating, posterior cerebral, and basilar artery) re laxed in response to the amine. After blockade of a-adrenoceptors, norepinephrine-induced rostral artery contractions were reversed to relaxations, which were smaller than those in the caudal arteries. Isoproterenol, dobutamine, and terbutaline produced greater relaxations in caudal than in rostral arteries, but forskolin relaxed these arteries to a similar magnitude. The isoproterenol induced relaxation was not affected by removal of the endothelium. Maximal relaxations induced by terbutaline Large arteries distributing to the base of the brain are thought to be important in regulating CBF (Kon tos et al., 1978). These arteries are innervated adrenergically; according to histochemical studies, noradrenergic nerves are more dense in the rostral than in the caudal part of rat and cat cerebral arter ies (Edvinsson, 1975; Kobayashi, 1981) . Functional studies have demonstrated the different responsive ness to various agonists in proximal and distal mid dle cerebral arteries from dogs (Toda and Miyazaki, 1984; Toda et al., 1984) and humans (Toda, 1990), and to norepinephrine in rostral and caudal pial ar teries from the cat (Hamel et al., 1988) , sheep (Gaw and Wadsworth, 1989), and bovine brain (Ayajiki and Toda, 1990) . Heterogeneity in adrenergic inner-
in caudal arteries were much inferior to those by isopro terenol, norepinephrine, and dobutamine. Relaxations caused by isoproterenol, norepinephrine, and terbutaline in the caudal arteries were attenuated by metoprolol, but not influenced by butoxamine. Relaxations mediated pos sibly by 131-adrenoceptor subtype are greater in bovine caudal cerebral arteries than in the rostral arteries. The heterogeneity does not appear to be associated with the different ability of cyclic AMP to relax arterial smooth muscle but with the difference of l3-adrenoceptor popu lations and/or processes from the receptors to adenylate cyclase. Key Words: Cerebral artery-Regional differ ence-N orepinephrine-Isoproterenol-Terbutaline Forskolin-Metoprolol-131-adrenoceptor subtype.
vation and responsiveness to adrenergic agonists may participate in selective control of blood distri bution in brain regions.
Relaxant responses to norepinephrine are medi ated via �-adrenoceptors in bovine caudal cerebral (Ayajiki and Toda, 1990) , rat basilar (Winquist and Bohr, 1982) , and porcine cerebral arteries (Winquist et al., 1982) . However, there is no systematic anal ysis on the response mediated by �-receptors in ce rebral arteries from different regions. Therefore, the present study was undertaken to compare the response to �-adrenoceptor agonists of isolated bo vine cerebral arteries from rostral (anterior cere bral, middle cerebral, and intracranial internal ca rotid artery) and caudal (posterior communicating, posterior cerebral, and basilar artery) regions, and to determine �-adrenoceptor subtypes involved in amine-induced relaxation.
MATERIALS AND METHODS
Cerebral arteries were isolated from the bovine brain, which was obtained from a slaughterhouse within 30 min after death of the animal. The arteries (1.0-1.3 mm out side diameter) used for this series of experiments were as follows: anterior cerebral (ACA), middle cerebral (MCA), intracranial internal carotid (ICA), posterior communicat ing (PCOM), posterior cerebral (PCA), and basilar artery (BA). The arteries were helically cut into strips of approx imately 20 mm long and 1.5-2.5 mm width. The specimen was fixed vertically between hooks in a muscle bath (20 ml capacity) containing the modified Ringer-Locke solu tion, which was aerated with a mixture of 95% O2 and 5% CO2 and maintained at 37 ± 0.3°C. The hook anchoring the upper end of the strip was connected to the lever of a force-displacement transducer (Nihon-Kohden Kogyo Co., Tokyo, Japan). Resting tensions were adjusted to 2.0 g for strips of ICA and 1.5 g for all other artery strips, which were optimal for inducing the maximal contraction (Ayajiki and Toda, 1990) . The composition of the solution was as follows (mM): NaCl, 120; KCl, 5.4; CaCI2, 2.2; MgCI2, 1.0; NaHC03, 25.0; and dextrose, 5.6 . The pH of the solution was 7.35 to 7.42. All of the strips were al lowed to equilibrate for 60 to 90 min in the bathing media, during which time the fluids were replaced three times every 10 to 15 min.
Isometric contractions and relaxations were displayed on an ink-writing oscillograph (Nihon-Kohden Kogyo Co.). The contractile response to 30 mM K + , taken as a standard for contractions, was first obtained, and the ar tery strips were washed repeatedly with fresh media and equilibrated. The strips were partially contracted with PGF2a (5 X 10-7 to 2 X 10-6 M), the contraction being in a range between 20 and 35% of the contraction induced by 30 mM K +. Cumulative concentration-response curves for drugs were obtained by adding the agents directly to the bathing media. In each strip, effects of five different drugs were compared, except for the case in which the mechanism of action of agonists was analyzed by treat ment with antagonists. In the artery strips from ACA, MCA, ICA, PCOM, PCA, and BA, responses to norepi nephrine, isoproterenol, dobutamine, terbutaline, and forskolin were compared. At the end of each series of experiments, papaverine (10-4 M) was applied to attain the maximal relaxation, which was taken as a standard for relaxation (Toda, 1974) . Concentration-response curves for agonists were repeatedly obtained in the control me dia, until the responses were determined to be reproduc ible. The artery strips were treated with the antagonists for 30 min, before the concentration-response curve for the agonist was obtained. The dissociation constant (KB) of metoprolol was determined according to the equation
is the concentration of metoprolol, and the dose ratio is the ratio of median effective concentrations of isoproterenol or norepineph rine in the presence and absence of the antagonist.
The endothelium was removed by gently rubbing the intimal surface with a cotton pellet. The integrity of the endothelium was determined by the silver staining tech nique (Abrol et aI., 1984) and by testing the relaxant re sponse to 10-8 M Ca 2 + ionophore A23187, the relaxation being abolished or markedly suppressed by endothelium denudation.
The results shown in the text, figures, and a table are expressed as means ± SEM. Statistical analyses were made using the Student's t test and the Tukey's method after one-way analysis of variance. Drugs used were dl norepinephrine hydrochloride (Sankyo Co., Tokyo, Ja pan), dl-isoproterenol hydrochloride and forskolin (Sigma, St. Louis, MO, U.S.A), dobutamine hydrochlo ride (Shionogi & Co., Ltd., Osaka, Japan), terbutaline J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 sulfate (Fujisawa Pharmaceutical Co., Osaka, Japan), phentolamine mesylate and l-metoprolol tartrate (Nippon Ciba-Geigy, Takarazuka, Japan), butoxamine hydrochlo ride (Burroughs-Wellcom, Triangle Park, NC, U.S.A.), prostaglandin (PG) F Z a (Toray Industries, Inc., Tokyo, Japan), Ca 2 + ionophore A23187 (Boehringer, Mannheim, Germany), and papaverine hydrochloride (Dainippon Pharmaceutical, Osaka, Japan).
RESULTS

Response to norepinephrine
The addition of norepinephrine (5 x 10 -9 to 10 -5 M) produced concentration-dependent contractions in ACA, MCA, and ICA that were pre contracted with PG F 2u' Further increase in the concentration to 5 x 10 -5 M did not produce additional contrac tions or contracted only slightly. On the other hand, the addition of the amine relaxed all of 18 PCA strips and 10 of 18 BA strips in a concentration dependent manner. In the remaining eight BA strips, the amine produced contractions at low con centrations (5 x 10-9 to 5 X 10-7 M) and relax ations at high concentrations (5 x 10-7 or 2 x 10-6 M to 10-5 M), as seen in 10 PCOM strips. Concen tration-response curves in these arteries are sum marized in Fig. 1 , left.
After treatment with 10-5 M phentolamine, nor epinephrine in concentrations ranging from 5 x 10-9 to 10-5 M produced concentration-dependent relaxations in three of seven ACA, four of seven MCA, and seven of seven ICA, seven PCOM, seven PCA, and seven BA. The remaining four ACA and three MCA strips responded to the amine only with slight contractions. Quantitative data on the concentration-response curve are shown in Fig. 1, right. Maximal relaxations of PCA and BA in duced by 5 x 10-5 M norepinephrine were mark edly greater than those of ACA, MCA, ICA, and PCOM ( Fig. 1 and Table 1 ). Mean values of the apparent median effective concentration (EC50) in PCOM, PCA, and BA were not significantly differ ent ( Table 1) . The values in the other arteries were not detectable, because of small responses.
Response to isoproterenol and forskolin
Isoproterenol (10-9 to 10-5 M) produced a dose dependent relaxation in the arteries treated with phentolamine and contracted with PGF2u, although the relaxations of ACA and MCA were quite small ( Fig. 2, left) . The maximal relaxations in PCOM, PCA and BA induced by 10-5 M isoproterenol were significantly greater than those in ACA, MCA, and ICA, but the EC50 values in ICA, PCOM, PCA, and BA did not significantly differ ( Table 1) . Relaxant responses of PCA to isoproterenol were not af-
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.6 MCA (7) • ICA (7) 6. PCA (7) o BA (7) FIG. 1. Concentration-response curves for norepinephrine in anterior cerebral artery (ACA, e), middle cere bral artery (MCA, .&), internal carotid artery (ICA, _), posterior communicat ing artery (PCOM, 0), posterior cere bral artery (PCA, 6), and basilar artery (SA, 0) before (left panel) and after treatment with 10-5 M phentolamine (right). Preparations were precon tracted with PGF2a. Contractions in duced by 30 mM K+ were taken as 100% contraction; mean absolute val ues with 30 mM K+ in anterior cere bral, middle cerebral, and internal ca rotid arteries before treatment were 1,827 ± 226 (n = 25),2,182 ± 292 (n = 25), and 1,720 ± 368 mg (n = 10), re spectively. Relaxations induced by 10-4 M papaverine were taken as 100% relaxation; mean absolute val ues in posterior communicating, pos terior cerebral, and basilar arteries be fore phentolamine treatment were 746 ± 155 (n = 10),495 ± 60 (n = 18), and 527 ± 80 mg (n = 18), respectively, and those in ACA, MCA, ICA, PCOM, PCA, and SA after treatment were 380 ± 61 (n = 7), 380 ± 37 (n = 7), 683 ± 106 (n = 7),454 ± 84 (n = 7),404 ± 58 (n = 7), and 42 1 ± 48 mg (n = 7), respectively. Vertical bars represent SEM.
-80 fected by removal of the endothelium (n = 4). The mean absolute values of relaxation induced by 10 -4 M papaverine in the arteries with and without the endothelium were 371 ± 56 and 373 ± 30 mg (n = 4), respectively, the difference being statistically in significant.
Forskolin (10-9 to 10-6 M) relaxed the arteries in a concentration-dependent manner. Magnitudes of the relaxation at each concentration did not signif icantly differ among the strips from ACA, MCA, ICA, PCOM, PCA, and BA (Fig. 2, right ).
Response to dobutamine and terbutaline Dobutamine (10-8 to 10-4 M) produced an ap preciable relaxation in PCOM, PCA, and BA, whereas ACA, MCA, and ICA responded to the amine only slightly, as shown in Fig. 3 , left. The maximal relaxations of PCA and BA were greater than those in ACA, MCA, and ICA ( Table 1 ). The EC50 value was significantly greater in PCOM than in PCA (Table 1) . PCA and BA responded to terbutaline (10-6 to 10-4 M) with slight, concentration-dependent relax- were 200 ± 33 (n = 6), 220 ± 43 (n = 6), 423 ± 59 (n = 6), 528 ± 66 (n = 6), 343 ± 68 (n = 6), and 643 ± 15 1 mg (n = 6), respectively, and those with forskolin were 384 ± 100 (n = 5),256 ± 34 (n = 5),382 ± 58 (n = 5), 364 ± 26 (n = 5), 322 ± 60 (n = 5), and 276 ± 37 mg (n = 5), respectively. 
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ations. No significant relaxation was observed in the other arteries (Fig. 3, right) . Maximal relax ations induced by 10-4 M terbutaline were less than those by dobutamine in the PCA and BA strips.
trol for the experiment with metoprolol and butox amine. The concentration-response curve in PCA was shifted to the right by metoprolol (10 -6 and 10 -5 M) in a concentration-dependent manner (Fig.   4, left) . On the other hand, the responses to isopro terenol were not significantly influenced by 10-6 and 10-5 M butoxamine (Fig. 4, right) . Similar re sults were also observed in the strips of BA (n = 6).
Typical recordings of the response of PCA strips in the presence and absence of metoprolol and butox amine are illustrated in Fig. 5 . In the strips of PCA
Modification by metoprolol and butoxamine of the response to isoproterenol, norepinephrine, and terbutaline
Concentration-response curves for isoproterenol in PCA and BA were reproducible after the third trial; therefore, the third curve was taken as a con- were 302 ± 53 (n = 6), 320 ± 26 (n = 6), 432 ± 45 (n = 6), 535 ± 72 (n = 6), 373 ± 48 (n = 6), and 420 ± 15 mg (n = 6), respectively, and those with terbutaline were 325 ± 47 (n = 6),260 ± 30 (n = 6), 374 ± 47 (n = 6), 339 ± 26 (n = 6), 240 ± 29 (n = 6), and 413 ± 37 mg (n = 6), respectively. (e) and those treated with 10-6 (0) and 10 -5 M (x) metoprolol were 306 ± 48 (n = 8),313 ± 41 (n = 8), and 368 ± 89 mg (n = 8), respec tively, and those in the control ar teries (e) and those treated with 10-6 (0) and 10-5 M (x) butoxa mine were 294 ± 60 (n = 6), 293 ± 58 (n = 6), and 337 ± 59 mg (n = 6), respectively. Significantly differ ent from control: ap < 0.01; b p < 0.05 (Tukey's method) . and BA, the KB values at 10-6 M metoprolol against isoproterenol were [5,23 ± 1.20] and [9.48 ± 1.23] x 10-8 M (n = 6), respectively, Both antag onists (metoprolol and butoxamine) did not affect the papaverine-induced relaxation (see mean abso lute values in the Fig. 4 legend) . However, meto prolol did not alter the relaxation of peA and BA in response to forskolin (n = 6).
Relaxant responses to norepinephrine of peA treated with 10-6 M phentolamine and contracted with PGF2a were significantly attenuated by 10-6 M metoprolol (Fig. 6, left) , but were not influenced by 10-6 and 10-5 M butoxamine (Fig. 6, right) . Similar results were also observed in the BA strips (n = 6).
In the peA and BA, the KB values at 10-6 M met oprolol against norepinephrine were [2.53 ± 0.38] and [5.89 ± 1.60] x 10-8 M (n = 6), respectively. Maximal relaxations by 10-4 M terbutaline of peA were attenuated by 10-6 M metoprolol (75.1 ± 10.3% inhibition, n = 6) but not by 10-5 M butox amine (n = 6).
DISCUSSION
The present study demonstrated a differential re sponsiveness to norepinephrine in the bovine cere bral arteries. Norepinephrine contracted the strips (10 -6 and 10-5 M) or butoxa mine (10-6 and 10-5 M). Two strips were obtained from the same brain. Horizontal lines just left of the tracings represent the level before the addition of PGF2u' Concentrations from 1 to 6: 10-9, 10-8, 10-7, 10-6, 10-5, and 10-4 M, respectively; PA = 10-4 M papaverine. (Drew and Levy, 1972) , kitten (Cornish and Miller, 1975) , rat (Nyborg and Mikkelsen, 1985) , and bovine coro nary arteries (Purdy and Stupecky, 1986) . 
